Infection of more than one virus in a host, coinfection, is common across taxa and environments. 14 Viral coinfection can enable genetic exchange, alter the dynamics of infections, and change the 15 course of viral evolution. Yet, a systematic test of the factors explaining variation in viral 16 coinfection across different taxa and environments awaits completion. Here I employ three 17 microbial data sets of virus-host interactions covering cross-infectivity, culture coinfection, and 18 single-cell coinfection (total: 6,564 microbial hosts, 13,103 viruses) to provide a broad, 19 comprehensive picture of the ecological and biological factors shaping viral coinfection. I found 20 evidence that ecology and virus-virus interactions are recurrent factors shaping coinfection 21 patterns. Host ecology was a consistent and strong predictor of coinfection across all three 22 datasets: cross-infectivity, culture coinfection, and single-cell coinfection. Host phylogeny or 23 taxonomy was a less consistent predictor, being weak or absent in the cross-infectivity and 24 single-cell coinfection models, yet it was the strongest predictor in the culture coinfection model.
Factors explaining cross-infectivity and coinfection
To test the factors that potentially influence coinfection -ecology, host taxonomy/phylogeny, 203 host defense mechanisms, and virus-virus interactions-I conducted regression analyses on each 204 of the three data sets, representing an increasingly fine scale analysis of coinfection from cross-205 infectivity, to culture coinfection, and finally to single-cell coinfection. The data sets represent 206 three distinct phenomena related to coinfection and thus the variables and data in each one are 207 necessarily different. The measures of coinfection, for example, were 1) the amount of phage 208 that could infect each host, 2) the number of extrachromosomal infections, and 3) the number of 209 active viral infections, respectively, for cross-infectivity, culture coinfection, and single-cell 210 coinfection data sets. Virus-virus interactions were measured as the association of these 211 aforementioned ongoing viral infections with the presence of other types of viruses (e.g. 212 prophages) or the association of viruses with different characteristics (e.g. ssDNA vs dsDNA). 213 Ecological factors and bacterial taxonomy were tested in all data sets, but virus-virus 214 interactions, for example, were not evaluated in the cross-infectivity data set because they do not 215 apply (i.e., measures potential and not actual coinfection). To test the factors that influence viral coinfection of microbes, I conducted regression analyses 331 on each of the three data sets (cross-infectivity, culture coinfection, and single cell coinfection).
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The explanatory variables tested in each data set varied slightly ( were tested only in the single cell data set (n = 127 cells of SUP05 marine bacteria) and were a 344 statistically significant and strong predictor of coinfection. Akaike's Information Criterion (AIC) are depicted in panels A-C. In these panels, each point represents a bacterial 385 host; hosts with a value of zero on the x-axis could be infected by none of the tested phage, whereas those with a 386 value of one could be infected by all the tested phages. Thus, the x-axis is a scale of the potential for coinfection.
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Potential for coinfection (cross-infectivity) is shaped by bacterial ecology and
387
Point colors correspond to hosts that were tested in the same study. 434 435 To test the viral and host factors that affected viral coinfection of single cells, I constructed a The phylogenetic cluster of the SUP-05 bacterial cells (based on small subunit rRNA amplicon 464 sequencing) was not a statistically significant predictor selected using AIC model selection. three proportions was statistically different from zero (X 2 = 10.98, df = 2, p = 0.00413). bar). There were more mixed coinfections involving ssDNA viruses than ssDNA-only coinfections (compare blue 544 and grey bar), while dsDNA-only coinfections were more prevalent than mixed coinfections involving dsDNA 545 viruses (compare red bars). Accordingly, the proportion of ssDNA-mixed/total-ssDNA coinfections was higher than 546 the proportion of dsDNA-mixed/dsDNA-total coinfections (proportion test: p < 2.2e -16 ).
Culture coinfection is influenced by host ecology and taxonomy and virus-virus
Single-cell coinfection is influenced by bacterial ecology, virus-virus
interactions, and sequences associated with the CRISPR-Cas defense mechanism
547
CRISPR spacers limit coinfection at single cell level without spacer matches 548
The regression analysis of the single-cell data set (n=127 cells of SUP-05 marine bacterial cells) 549 revealed that the presence of CRISPR spacers had a significant overall effect on coinfection of 550 single cells; therefore I examined the effects of CRISPR spacers more closely. Cells with 551 CRISPR spacers were less likely to have active viral infections than those without spacers (X-552 squared = 14.03, df = 1, p-value = 0.00018). Cells with CRISPR spacers were less likely to have 553 active viral infections, with 32.00% of cells with CRISPRs having active viral infections, 554 compared to 80.95% percent of bacteria without CRISPR spacers. Bacterial cells with CRISPR 555 spacers had 0.68 ± 1.07 current phage infections compared to 1.21 ± 1.00 for those without 556 spacers ( Figure 3C ). Bacterial cells with CRISPR spacers could have active infections and 
